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Current influenza virus vaccines contain HIN1 (phylogenetic group 1 hemagglutinin), H3N2 (phylogenetic group 2 hemaggluti-
nin), and influenza B virus components. These vaccines induce good protection against closely matched strains by predomi-
nantly eliciting antibodies against the membrane distal globular head domain of their respective viral hemagglutinins. This do-
main, however, undergoes rapid antigenic drift, allowing the virus to escape neutralizing antibody responses. The membrane
proximal stalk domain of the hemagglutinin is much more conserved compared to the head domain. In recent years, a growing
collection of antibodies that neutralize a broad range of influenza virus strains and subtypes by binding to this domain has been
isolated. Here, we demonstrate that a vaccination strategy based on the stalk domain of the H3 hemagglutinin (group 2) induces
in mice broadly neutralizing anti-stalk antibodies that are highly cross-reactive to heterologous H3, H10, H14, H15, and H7 (de-
rived from the novel Chinese H7N9 virus) hemagglutinins. Furthermore, we demonstrate that these antibodies confer broad
protection against influenza viruses expressing various group 2 hemagglutinins, including an H7 subtype. Through passive
transfer experiments, we show that the protection is mediated mainly by neutralizing antibodies against the stalk domain. Our
data suggest that, in mice, a vaccine strategy based on the hemagglutinin stalk domain can protect against viruses expressing

divergent group 2 hemagglutinins.

Inﬂuenza caused by pandemic and epidemic influenza virus
strains is a public health concern worldwide. Vaccination re-
mains the best countermeasure against influenza virus infections.
However, highly effective current influenza virus vaccines are lim-
ited in utility because they provide a very narrow breadth of pro-
tection (1-3). Since influenza viruses are able to evade the human
herd immunity by constantly changing antigenic regions in their
surface glycoproteins, the hemagglutinin (HA) and neuramini-
dase (NA), vaccines have to be reformulated almost every year
based on surveillance data of circulating influenza strains and an-
tigenic relatedness (4). This process, however, is not error proof,
and mismatches between vaccine strains and circulating viruses
affect the efficacy of the vaccines. For example, in the 1997-1998
influenza season, a drifted strain (A/Sydney/05/97, H3N2) caused
severe outbreaks because it matched very poorly with the same
year’s vaccine antigens (A/Nanchang/933/95 or A/Wuhan/359/
95,both H3N2) (5). Due to the mismatch, the efficacy of influenza
vaccination that year decreased drastically. Different studies re-
ported various efficacies for that annual vaccine, ranging from
placebo levels (6) to 35% protection (7). Similarly, in the 2003-
2004 season, the H3 component drifted from the predicted
A/Panama/2007/99 to the A/Fujian/411/02-like strain, which
dominated the season and matched very poorly with the vaccine.
Hence, the seasonal vaccinations had suboptimal efficacy; the an-
tibody response against the drifted circulating virus was four times
lower. Low vaccine efficacy was also observed in the elderly during
the 2012-2013 epidemic (caused mostly by H3N2 strains) (8).
Furthermore, mismatch-independent vaccine failure in certain
populations (9) and the pandemic threat from avian viruses like
H7N9 and other zoonotic influenza viruses (10-12) warrant the
development of better, longer-lasting, and broader vaccines.
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Most of the neutralizing antibodies against HA are considered
to be directed against the highly variable globular head domain of
the protein (13). These antibodies inhibit receptor binding and
thus have hemagglutination inhibition (HI) activity, which is gen-
erally strain specific. The stalk domain of the HA is relatively well
conserved; however, it is far less immunogenic and, under normal
conditions, antibodies against this domain occur only at a low
frequency (14, 15). Recently, broadly neutralizing antibodies
against this domain of the HA have been isolated (16-22), suggest-
ing that a vaccine based on the induction of such antibodies would
protect from infection with divergent strains within a subtype and
also against strains from other subtypes that have similar stalk
structures. It is of note that these antibodies are HI negative and
that their mechanism of neutralization is likely to be different
from the mechanism through which antibodies against the glob-
ular head domain work (16, 18-22).

We have recently shown that a vaccine strategy based on chi-
meric HAs (cHA) (23) expressing H1 HA stalk structures induced
broadly protective antibodies against group 1 HA-expressing vi-
ruses in mice (24). Considering the extremely low sequence iden-
tity of the stalk domains of members from the two groups of HAs,
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as well as evidence from studies characterizing stalk-directed
monoclonal antibodies (19, 20, 22), it seems that cross-protection
between group 1 (H1, H2, H5, H6, H8, H9, H11, H12, H13, H16,
H17) and group 2 viruses (H3, H4, H7, H10, H14, H15) is limited
(24). Also, it has been suggested that stalk-reactive antibodies
against group 2 HAs are more rare, and only three monoclonal
antibodies that broadly bind to group 2 HAs have been described
(18,20, 21). Therefore, it was unclear if a vaccine strategy based on
the group 2 HA stalk is feasible. Here, we describe a vaccination
strategy based on cHAs which induces cross-reactive and broadly
protective anti-stalk antibodies against group 2 HAs in mice. We
show that these polyclonal antibodies neutralize in vitro and are
sufficient to protect animals from lethal challenge with a panel of
group 2 HA-expressing viruses, including H3N2 and H7N1
strains.

MATERIALS AND METHODS

Cells and viruses. Madin-Darby canine kidney (MDCK; ATCC CCL-34)
and human embryonic kidney 293T (ATCC CRL-11268) cells were pur-
chased from the American Type Culture Collection and were grown in
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) and minimal es-
sential medium (Gibco), respectively. Both media were supplemented
with 10% fetal bovine serum (FBS; HyClone) and 100 units/ml of peni-
cillin and 100 pg/ml of streptomycin (Pen-Strep; Gibco).

Chimeric and recombinant influenza viruses were produced by plas-
mid-based reverse genetics as described before (3, 23, 24). Virus strains
A/Victoria/361/11 (H3N2; Vicll), A/Perth/16/09 (H3N2; Perth09),
A/Philippines/2/82 (H3N2; Phil82), X-31 (H3N2; 6:2 reassortant of
A/Puerto Rico/8/34 with HA and NA from A/Hong Kong/1/68), A/rhea/
North Carolina/39482/93 (H7N1; RheaH7), A/cH5/3N1 (expressing the
H5 globular head domain of A/Viet Nam/1203/04, the H3 stalk domain
from Perth09, and the NA and internal genes from A/Puerto Rico/8/
34), A/Wyoming/03/03 (H3N2; WyoH3), A/Northern shoveler/Alaska/
7MP1708/07 (H3N8), A/mallard/Interior Alaska/10BM01929/10 (H10N?7),
and B/cH7/3 (expressing the H7 globular head from A/mallard/Alberta/
24/01 on top of the H3 stalk domain from A/Perth/16/09 in the
B/Yamagata/16/88 background) were grown in 8- or 10-day-old embry-
onated chicken eggs for 48 h at 37°C (for influenza A viruses) or for 72 h at
33°C (for influenza B viruses) (23, 25). A/Indiana/10/11 (H3N2 variant,
H3N2v) was grown on MDCK cells. Virus titers were determined on
MDCK cells in the presence of tosyl phenylalanyl chloromethyl ketone
(TPCK)-treated trypsin. Vicll, Perth09, Phil82, X-31, RheaH7, and
A/cH5/3N1 viruses were purified via sucrose density ultracentrifugation
for enzyme-linked immunosorbent assays (ELISAs). Purified prepara-
tions of strains used as positive controls (Phil82, X-31, RheaH7, and
A/cH5/3N1) were inactivated by formalin treatment. All viruses were
handled under biosafety level 2 conditions. Viruses expressing cH5/3 and
cH7/3 proteins contained the original H3 cleavage sites that are associated
with a low-pathogenicity phenotype and were rescued in the A/Puerto
Rico/8/34 background, which is usually considered safe for humans (26).
The H7N1 isolate we used shows a low pathogenicity phenotype in avian
species as well (27). Sf9 cells (ATCC CRL-1711) were maintained in
Trichoplusia ni medium-formulation Hink (TNM-FH) (Gemini Bio-
products) supplemented with 10% FBS, 1% Pluronic F68 (Sigma), and
Pen-Strep (Gibco). BTI-TN-5B1-4 (High Five) cells (ATCC CRL-10859)
were grown in HyClone SEX serum-free insect cell medium (Fisher Sci-
entific) containing Pen-Strep (Gibco).

Recombinant protein expression. Recombinant baculoviruses for
the expression of cH4/3 (H4 globular head domain from A/duck/
Czech/56 in combination with the H3 stalk domain from Perth09), cH5/3
(H5 globular head domain from A/Viet Nam/1203/04 in combination
with the stalk domain from Perth09), cH7/3 (H7 globular head from
A/mallard/Alberta/24/01 on top of the H3 stalk domain of Perth09), and
Perth09 HA were generated as described elsewhere (3, 28) and were prop-
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agated in Sf9 cells. For expression, High Five cells were infected with
recombinant baculoviruses at a multiplicity of infection of approximately
10, transferred into Fernbach flasks, and incubated at 28°C, with shaking.
Culture supernatants were harvested 96 h postinfection by low-speed cen-
trifugation (5,500 relative centrifugal force [RCF], 10 min, 4°C) and were
then incubated with Ni-nitrilotriacetic acid (NTA) resin (Qiagen) for 3 h
at room temperature (RT), with shaking at 75 rpm in a rotational shaker.
The resin-supernatant mixture was then passed over 10 ml polypropylene
columns (Qiagen), washed four times with washing buffer (50 mM
Na,HCO;, 300 mM NaCl, 20 mM imidazole, pH 8), and eluted with
elution buffer (50 mM Na,HCOj;, 300 mM NaCl, 250 mM imidazole, pH
8). The eluted fractions were concentrated, and the buffer was exchanged
against phosphate-buffered saline (PBS; pH 7.4) using Amicon Ultra cen-
trifugal filter units (Millipore; 30-kDa molecular mass cutoff). Purity,
identity, and integrity of the purified proteins were assessed by SDS-PAGE
and Western blotting or ELISA, and protein concentration was measured
using Bradford reagent (Bio-Rad). Soluble A/Perth/16/09 H3, A/Shang-
hai/1/13 H7, and A/PR/8/34 H1 HAs for ELISAs were expressed in a sim-
ilar way but as a fusion protein with a GCN4pII trimerization motif and a
C-terminal Strep-Tag II via StrepTactin resin (GE Healthcare) to avoid
background signal when used in ELISAs to assess stalk-reactive antibodies
induced by the vaccine constructs (24).

Animals, vaccination, and challenge. All animal experiments were
performed with 6- to 8-week-old female BALB/c mice (Jackson Labora-
tories) and in full compliance with the guidelines of the Icahn Sinai School
of Medicine at Mount Sinai Institutional Animal Care and Use Commit-
tee. Animals had free access to food and water and were kept on a 12-h
light-dark cycle. Animals were anesthetized for all intranasal procedures
by administering 0.1 ml of a ketamine-xylazine mixture (0.15 mg/kg and
0.03 mg/kg) intraperitoneally.

For the initial experiment, naive 6- to 8-week-old BALB/c mice were
vaccinated in the left calf muscle with DNA encoding a cH4/3 HA (3, 24,
29), by in vivo electroporation using a TriGrid delivery system (Ichor
Medical Systems). Three weeks later, animals were boosted intramuscu-
larly (i.m.) and intranasally (i.n.) with 5 pg protein adjuvanted with 5 pg
poly(I-C) (Invivogen) at each site (n = 9 or 10 animals per group). Prime-
only animals (n = 5 per group) received the same amount of irrelevant
protein (bovine serum albumin [BSA]), with the same amount of adju-
vant, both i.m. and i.n. A second boost was administered 3 weeks later in
the same manner but with cH7/3 protein. For the subset of mice dedicated
to the H7N1 challenge, the cH7/3 protein was replaced by full-length
Perth09 H3 protein. Prime-only animals received the corresponding BSA
vaccination again. Positive-control animals (n = 5 per group) were vac-
cinated with 1 g of inactivated matched challenge virus i.m., 3 weeks
before challenge. Naive mice (n = 5 per group) were included as addi-
tional negative-control groups. Four weeks after the last boost, animals
were anesthetized and infected with 5 50% lethal doses (LD5) of Phil82,
X-31, or RheaH7 viruses. Weight was monitored daily for a period of 14
days, and animals that lost 25% or more of their initial body weight were
scored dead and humanely euthanized. Serum samples were collected
preprime and prechallenge by submandibular bleeding.

For the second set of experiments, naive 6- to 8-week-old BALB/c mice
were infected intranasally with a sublethal dose (10° PFU) of a recombi-
nant influenza B virus vector (based on B/Yamagata/16/88) expressing the
cH7/3 HA protein. Control animals received the same dose of wild-type
(wt) influenza B virus (Bwt). The mice in the vaccine group were then
boosted with cH5/3 protein (5 pgi.n. plus 5 pg i.m., each adjuvanted with
5 g of poly(I-C), with the exception of a subset of animals dedicated to
the cH5/3N1 virus challenge; these animals received recombinant Perth09
full-length H3 HA in the same manner instead of the cH5/3 protein (n =
10 per group). Prime-only and vector control animals (n = 5 per group)
received a boost with irrelevant protein instead (BSA; same amount, ad-
juvant, and administration routes as for the vaccine groups). Finally,
animals received a second boost 3 weeks later with cH4/3 protein as de-
scribed for the first boost. Again, prime-only and vector control animals
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received irrelevant protein, in the same manner. Naive mice (n = 5 per
group) were included as additional negative-control groups. Positive-
control animals (n = 5 per group) were vaccinated with 1 pg of inacti-
vated matched challenge virus i.m., 3 weeks before virus challenge. Four
weeks after the last boost, animals were anesthetized and challenged with
10 LDs, of either Phil82 or X-31 or with 100 LD, of cH5/3N1 virus.
Weight loss was monitored daily for a period of 14 days, and animals that
lost 25% or more of their initial body weight were scored dead and hu-
manely euthanized. Serum samples were collected preprime and prechal-
lenge by submandibular bleeding. For lung titration experiments, mice
were vaccinated as described above (cHA and Bwt-BSA-BSA groups, n =
3 mice per group) and were then infected with 5 X 10* PFU of H3N2v or
1 X 10° PFU of H3NS, WyoH3, or HION7 virus. Lungs were harvested on
day 3 postinfection and homogenized, and the 50% tissue culture infec-
tious dose (TCIDs,) was measured as described before (30).

For passive transfer experiments, sera from the latter set of experi-
ments were collected from the (influenza B-vectored) vaccine group, pos-
itive-control group, vector control group, and naive animals. Sera from
each group were then transferred by intraperitoneal injection into naive
mice (6 to 8 weeks old, n = 5 per group, 300 pl serum per mouse), and
mice were challenged with 5 LD, of Phil82 virus 2 h after the transfer.
Weight was monitored daily for a period of 14 days, and animals that lost
30% or more of their initial body weight were scored dead and euthanized.

ELISA. ELISA plates (Immunolon 4 HBX) were either coated over-
night at 4°C with purified virus (4 pg/ml) or purified protein (2 pg/ml)
diluted in carbonate/bicarbonate coating buffer (pH 9.4). Plates were
blocked for 1 h at RT with PBS containing 0.1% Tween 20 (TPBS) and 3%
nonfat dry-milk powder. Mouse serum was prediluted 1:100, serially di-
luted in 1:2 steps in TPBS containing 1% nonfat dry-milk powder, and
incubated on the plates for 1 h at RT. After extensive washing with TPBS
(3X 100 pl/well), the plates were incubated for 1 h at RT with an anti-
mouse IgG horseradish peroxidase (HRP)-conjugated IgG (Santa Cruz)
diluted in TPBS containing 1% nonfat dry-milk powder. After three more
washing steps with TPBS, plates were developed using the o-phenylenedi-
amine dihydrochloride (SigmaFast OPD; Sigma) substrate. Reactions
were stopped using 3 M HCl, and plates were read at an optical density at
490 nm.

Detection of IgA in nasal washes was performed with a similar assay
except that we used an alkaline phosphatase (AP)-linked anti-mouse IgA
antibody (Southern Biotech) diluted 1:500 and incubation steps at 37°C
for 3 h. Isotype distribution in serum was determined by ELISA using an
isotyping kit (Invitrogen), which contains a collection of secondary anti-
bodies specific for each subtype and an AP-conjugated tertiary antibody
that allows for detection of binding.

Pseudotyped particle neutralization assay. The pseudotyped particle
production protocol was adapted from previous studies (23, 31, 32).
Briefly, 293-T cells were cotransfected with four plasmids encoding a pro-
virus containing a luciferase reporter gene, the HIV Gag-Pol, the Vicl1l
HA protein, and the neuraminidase from influenza B virus B/Yamagata/
16/88. Culture supernatants were collected 48 h posttransfection and fil-
tered through a 0.45-pm-pore-size filter unit to remove cellular debris.
The purified pseudotyped particles were incubated with different concen-
trations of inactivated mouse sera before being added to MDCK cells. The
transduction procedure was carried out for 6 h, cells were then washed,
and fresh medium was placed over cells. The transduction procedures
were performed in the presence of 1 ug/ml Polybrene (Sigma, St. Louis,
MO). Luciferase activity was read 48 h after transduction. The stalk-reac-
tive monoclonal antibody 12D1 (17) was used as a positive control with a
starting concentration of 123 pg/ml.

Immunofluorescence staining. MDCK cells were transfected with
plasmids expressing HAs from A/Anhui/1/13 (H7N9), A/Shanghai/1/13
(H7N9), A/chicken/Jalisco/12283/12 (H7N3), A/mallard/Gurjev/263/82
(H14N5), and A/wedge tailed shearwater/Western Australia/2576/79
(H15N9). Cells were transfected with the respective plasmid. Sixteen
hours posttransfection, cells were fixed with 0.5% paraformaldehyde and
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stained with 1:200 dilution of sera collected from vaccinated animals
(cH4/3DNA-cH5/3-H3) or were naive. Stalk-reactive antibodies FI6 (21)
and FBE9 (both used at a concentration of 10 pg/ml) served as positive
controls, while serum collected from naive animals was used as a negative
control. Secondary antibodies conjugated to Alexa 488 were used to visu-
alize reactivity to the proteins. Images were taken on an LSM 510 Meta
confocal microscope (Carl Zeiss Microlmaging GmbH, Jena, Germany)
at a magnification of X 10.

Statistical tests, hemagglutinin modeling, and phylogenetic analy-
sis. Statistical analyses were performed using Prism4 (GraphPad). All val-
ues are plotted as averages with standard deviations of the means. Differ-
ences in survival were calculated by using Kaplan-Meier survival analysis
with log rank significance test. P values at or below 0.05 are considered
statistically significant. In order to generate models of the wild-type and
chimeric hemagglutinins, structures from the Protein Data Bank (PDB)
were modeled by using the PyMol software (Delano Scientific). For mod-
eling of the cH4/3 construct, we used the HA of A/Hong Kong/1/68
(HK68) (PBD identifier [ID] IMQN) and indicated the H4 head domain
with a different color (there is no H4 structure available). The cH5/3 HA
was modeled with the stalk from HK68 HA (PBD ID 1MQN) and the
globular head of an H5 virus (PBD ID 2FKO0); the cH7/3 was modeled with
the HK68 stalk domain and a head domain from an avian H7 virus (PDB
ID 4D]J6). The chimeric challenge viruses were modeled by using the stalk
structure of HK68 (PBD ID 1MQN) and head of H5 HA (PBD ID 4D]J6).
Phylogenetic analysis was performed using ClustalW (EMBL-EBI). The
protein sequences were downloaded from GenBank, and multiple align-
ments were performed using the ClustalW algorithm in Mega version 5.1.
Phylogenetic trees were constructed using the FigTree software and the
neighbor-joining method.

RESULTS

Chimeric HA constructs provide broad protection from chal-
lenge with divergent H3N2 viruses. We aimed to induce broad
protection against group 2 HA-expressing influenza viruses in the
mouse model, by specifically boosting antibodies against the con-
served HA stalk domain. For this reason, we constructed a collec-
tion of cHA molecules expressing H3 stalk domains combined
with various head domains (3, 23). Mice were primed intramus-
cularly (i.m.) with plasmid DNA encoding a cH4/3 HA (express-
ing an H4 globular head domain and an H3 stalk domain) (Fig.
1A). Three weeks later, mice were boosted with soluble cH5/3
protein (H3 stalk domain combined with an H5 globular head
domain) via both the i.m. and intranasal (i.n.) routes. We used
both routes to ensure induction of systemic and mucosal immu-
nity, since we believe that both responses are important for effi-
cient protection against influenza virus infection. A second boost
with cH7/3 protein (H7 globular head on top of an H3 stalk)
followed 3 weeks later (Fig. 1A). We speculated that by repeatedly
exposing the animals to antigens expressing a common, unfet-
tered (soluble, non-membrane-bound) stalk domain, we could
enhance the immunogenicity of this region, to which currently
used vaccination strategies induce only a subdominant response
(1, 3).

Control animals either received only the DNA prime (prime-
only control) or a matched inactivated challenge virus (positive
control) or were naive. To test the ability of our vaccine to protect
against morbidity and mortality associated with influenza, mice
were infected with two different H3N2 viruses. It is of note that all
cHA-vaccinated animals were HI negative against the respective
challenge strains. Upon infection with A/Philippines/2/82 virus
(Phil82), the vaccinated animals lost minimal amounts of weight
compared to no weight loss in the positive control, did not de-
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FIG 1 An HA stalk-based vaccination strategy provides broad protection from challenge with divergent H3N2 viruses. (A) Schematic representation of the
vaccination strategy (the monomeric form of each antigen is shown). (B to E) Animals were vaccinated with plasmid DNA coding for cH4/3 HA and subsequently
boosted with recombinant soluble cH5/3, followed by cH7/3 proteins (green triangles; n = 9 or 10 animals). Positive-control animals received inactivated vaccine
containing the matched challenge strain (red circles; n = 5 animals). Prime-only animals (orange triangles; n = 5 animals) received the DNA prime followed by
two irrelevant protein boosts. Naive animals (black squares; n = 5 animals) were used as additional controls for challenge. (B) Weight loss curves upon challenge
with the Phil82 (H3N2) virus. (C) Kaplan-Meier survival curve upon Phil82 challenge. (D) Morbidity observed upon challenge with the X-31 (H3N2) virus. (E)
Survival curves following the X-31 (H3N2) challenge. Survival of vaccinated (cH4/3DNA-cH5/3-cH7/3) versus control (cH4/3DNA-BSA-BSA) groups is highly
significant for both challenge experiments (P = 0.0008 and 0.0001, respectively). (F and G) To further test the protection breadth of the vaccine against viruses
that are not lethal in the mouse model, we performed lung titration experiments. Vaccinated animals (BcH7/3-cH5/3-cH4/3) and control animals (Bwt-BSA-
BSA) were infected with 5 X 10* PFU of H3N2 variant (F) or 1 X 10° PFU of the human H3N2 A/Wyoming/03/03 (G). On day 3 postinfection, lungs of animals
from both groups were harvested and homogenized, and the 50% tissue culture infectious dose (TCID5,) was measured.

velop clinical symptoms, and were fully protected against mortal- We have previously shown that sublethal infection with influ-
ity (Fig. 1B and C). Naive animals, however, lost weight rapidly  enza viruses is one way to induce stalk-reactive antibodies in mice
and succumbed to infection by day 9 (naive control). Prime-only  and humans (3, 32, 33). Since most human individuals are ex-
controls also exhibited rapid weight loss, and only 20% of them  posed to influenza viruses multiple times throughout their life-
survived the viral challenge. A similar outcome was observed upon  time, they generally have baseline levels of stalk-reactive antibod-
challenge with X-31, a virus that expresses the glycoproteins of the  ies. In order to mimic this preexisting immunity in the mouse
Hong Kong 1968 H3N2 virus (Fig. 1D and E). model, we rescued an influenza B virus expressing a cH7/3 HA
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FIG 2 Vaccination with cHA constructs can boost preexistent titers of stalk-reactive antibodies to protective levels. (A to G) To mimic the preexisting immunity
to the stalk domain present in the human population, animals were sublethaly infected with a recombinant influenza B virus that expresses cH7/3 HA.
Subsequently, they were boosted with recombinant soluble cH5/3 (or full-length H3 HA for cH5/3N1-challenged animals) and then ¢cH4/3 protein (green
triangles; n = 10 animals). Positive-control animals received inactivated vaccine containing the matched challenge strain (red circles; n = 5 animals). Prime-only
animals (orange triangles; n = 5 animals) received the recombinant influenza B prime and then two irrelevant protein boosts. Additional control groups were
either infected with wild-type influenza B virus and then received two irrelevant protein boosts (light-green triangles; n = 5) or were naive (black squares; n =
5). (B to D) Weight loss curves following viral challenges. (B) We used a mouse-pathogenic cH5/3N1 virus which expresses the stalk domain of an HA from a
recent human H3N2 isolate as the surrogate challenge strain to test efficacy against contemporary stalk domains, since modern human H3N2 isolates are not
pathogenic in mice. Weight loss upon infection with the X-31 (H3N2; HA and NA from A/Hong Kong/1/68) (C) and Phil82 (H3N2) (D) viruses; (E)
Kaplan-Meier survival curve following the A/cH5/3N1 challenge; (F) survival curves following the Phil82 (H3N2) challenge; (G) survival curves following the
X-31 (H3N2) challenge. Statistical analysis revealed high significance for all challenges when comparing BcH7/3-cH5/3-cH4/3 and BcH7/3-BSA-BSA groups
(P =0.082, P < 0.0001, and P < 0.0001).

instead of the wild-type influenza B virus HA. We used a sublethal  the ability of the stalk-directed immunity to protect against more
dose of this virus to prime mice, which were then vaccinated at  recent H3N2 isolates. Since contemporary H3N2 viruses are not
3-week intervals with cH5/3 followed by cH4/3 protein, bothi.m. pathogenic in the mouse model, we used for this purpose a cH5/
and i.n. (Fig. 2A). When challenged with either Phil82 or X-31,the ~ 3N1 virus expressing the H3 stalk domain of the recent vaccine
animals showed no clinical signs of disease and minimal weight strain A/Perth/16/09 (Perth09) and an NA from A/PR/8/34
loss comparable to that of positive-control animals that received  (HIN1) (23). To assess the protection conferred by the stalk-re-
inactivated matched challenge strains (Fig. 2C, D, F, and G). Con-  active antibodies (and to exclude H5-H5 head reactive antibod-
trol animals infected sublethally with wild-type influenza B virus  ies), we had to alter the vaccination regimen for this subset of mice
and vaccinated in a similar manner with an irrelevant protein  and administered full-length H3 instead of the cH5/3 protein (Fig.
(BSA), as well as naive mice and prime-only controls, lost weight ~ 2A). When challenging with a high dose (100 mouse LDs,
rapidly and succumbed to both infections. We next wanted to test  [mLD5,]) of the cH5/3N1 virus, we observed robust protection

October 2013 Volume 87 Number 19 jviasm.org 10439


http://jvi.asm.org

Margine et al.

A Phil82 B X-31 C H3N8
2.0~ 2.0+ 1.09
15 15 081
E ] £ £
S S S 0.6
2 1.0 2 1.0 2
[=) [a) aQ 0.44
o o o
0‘5- 0.5-'\'\'\-; 012.
0.0 T T 0.0 T T 0.0 T T
100 1000 10000 100 1000 10000 100 1000 10000
Reciprocal of serum dilution Reciprocal of serum dilution Reciprocal of serum dilution
D Vicl1 E Perth09 A-E
2.0 2.0- —¥— cH4/3 DNA + cH5/3 protein + H3 protein
—+— cH4/3 DNA + BSA + BSA
1.5 1.54 -= Naive
£ £
c c
8 o
< 1.01 2 1.04 F-H
a [=)
© sl S —+ BCH7I3 + cH5/3 protein + cH4/3
—+— BcH7/3 + BSA + BSA
0.0 T T o,o-% ~* Bwt+ BSA + BSA
100 1000 10000 100 1000 10000 100000 - Naive
Reciprocal of serum dilution Reciprocal of serum dilution
F Vicll G Phil82 H X-31
2.0 1.5 2.0+
1.5+ 1.5
£ E 1.0 £
S 5 S
e 1.0 -] S 1.0
[=] a Q
o (] 0.54 o
0.5 0.5
0.0 . . 0.0 T T 0.0 T T
100 1000 10000 100 1000 10000 100 1000 10000

Reciprocal of serum dilution

Reciprocal of serum dilution

Reciprocal of serum dilution

FIG 3 The elicited anti-stalk responses are cross-reactive against multiple H3N2 strains, including the most recent vaccine strain. (A to E) ELISA reactivity
against the current influenza vaccine strain Vicl1 (H3N2, whole virus) (A), Perth09 (H3 protein) (B), H3N8 virus (C), Phil82 virus (H3N2) (D), or X-31 virus
(H3N2; expressing HA and NA from A/Hong Kong/1/68 virus) (E) of sera collected from animals vaccinated with cHA constructs (dark-green triangles,
cH4/3DNA-cH5/3-cH7/3), prime-only animals (orange triangles), or naive animals (black squares). (F to H) ELISA reactivity against Vic11 H3N2 (F) or Phil82
H3N2 (G) or X-31 H3N2 (H) virus of sera collected from animals vaccinated with cHA constructs (green triangles, B/cH7/3 virus-cH5/3 protein-cH4/3 protein),
prime-only animals (orange triangles), control animals that were infected with wild-type influenza B virus and then received two BSA boosts (light-green

triangles), or naive animals (black squares).

from weight loss, as well as complete protection from mortality of
the vaccinated animals. This demonstrated the efficacy of the HA
stalk-based vaccine approach against contemporary H3N2 iso-
lates (Fig. 2B and E). To test additional divergent H3 strains that
do not induce mortality in the mouse model, we chose to perform
lung titration experiments. Animals vaccinated as described above
were infected with H3N2 variant virus (H3N2v) (34), an avian
H3NB8 isolate (H3N8), and the human H3N2 A/Wyoming/03/03
strain (WyoH3). Day 3 postinfection, lung titers of vaccinated
animals were low (close to the limit of detection), whereas we
detected high virus titers in lungs collected from control animals
(Bwt-BSA-BSA) (Fig. 1F and G and data not shown). Taken to-
gether, these data clearly show that the stalk-based vaccination
strategy can provide robust protection against heterologous and
heterosubtypic viruses in the mouse model of influenza.
Vaccination with chimeric HA constructs induces a broad
systemic and mucosal stalk-directed humoral response. In order
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to characterize the stalk-directed antibody response induced by
our vaccination regimen, we employed ELISAs. Since the animals
were exposed only to vector-expressed or recombinant HA but
not to any other influenza A proteins, we were able to use purified
virus as the substrate to measure the anti-stalk responses. We
tested sera from both vaccination regimens (influenza B virus vec-
tored or DNA primed) for their reactivity to the challenge strains
Phil82 and X-31, as well as to the current H3N2 vaccine strain
A/Victoria/361/11 (Vicl1), an H3N8 strain and HA protein from
Perth09. While sera collected from animals that were naive, or that
were exposed only to the DNA prime, exhibited low background
level binding, we detected high reactivity against all five viral
strains in sera collected from vaccinated mice (Fig. 3A to E).
Similarly, high stalk-directed antibody titers were detected in the
sera of animals primed with the cHA-expressing influenza B virus
(Fig. 3F to H). Vector control (wild-type influenza B virus) and
naive animals again only showed background reactivity, while the
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prime-only group (c7/3 HA-expressing influenza B virus) had an
intermediate binding phenotype. The intermediate titers in the
latter group were thought to be the result of replicating virus
(3, 33). We also performed an isotype distribution analysis and
determined that the profile of the antibody response induced by
the vaccine is balanced, with the majority of IgG being of the IgG1,
IgG2a, or IgG2b subclass (see Fig. 5C).

In addition to the serum IgG titers, we also assessed levels of
secretory IgA on the mucosal surfaces of vaccinated mice. We
detected high reactivity to Perth09 H3 HA in nasal washes col-
lected from the group of mice that received the vaccine, whereas
nasal washes from control animals did not react to the substrate
(see Fig. 5B). Although mucosal anti-stalk IgA antibodies, and
their ability to block viral infection, have not been yet formally
characterized, we expect that they contribute to the observed pro-
tection.

Broadly reactive anti-globular head antibodies have recently
been described in the literature (35-37). Though rare in nature,
these antibodies tend to recognize conserved regions of the recep-
tor-binding site and recognize divergent globular head domains
without closely following phylogenetic relatedness. Binding to
head domains of both group 1 and group 2 HAs (e.g., H1-H3
binding) has been described by these antibodies. To assess
whether the cHA-based vaccination induces such antibodies, we
performed an additional ELISA with full-length H1 HA as the
substrate (see Fig. 5A). Sera from cHA-vaccinated animals did not
react with this substrate, suggesting that cHA vaccination does not
induce detectible levels of broadly reactive anti-head antibodies.

The induced broadly reactive antibodies potently neutralize
virus, both in vitro and in vivo. To further test the in vitro cross-
neutralizing nature of the stalk antibodies induced by the vaccina-
tion regimen, we performed an entry inhibition assay with Vicl1
HA-pseudotyped particles. Serum from vaccinated animals inhib-
ited cell entry of the pseudoparticles in a dose-dependent manner
(see Fig. 5D). In contrast, serum from influenza B virus vector-
infected control animals and naive mice showed no inhibitory
activity in this assay.

In order to show that the vaccine-induced protection we ob-
served in vivo was, at least partially, mediated by neutralizing an-
tibodies in serum, we performed a passive transfer experiment.
Sera from vaccinated, positive-control, influenza B virus vector-
infected, or naive animals were transferred into naive mice, which
were then challenged with the Phil82 virus. Mice that received sera
from vaccinated or positive-control groups were completely pro-
tected from mortality, whereas none of the animals that received
sera from either of the negative-control groups survived (see Fig.
5E). These results suggest that the stalk-directed humoral re-
sponse is sufficient to protect mice from lethal challenge.

Vaccination with chimeric HA constructs induces stalk-
based heterosubtypic immunity. Antibodies that cross-neutral-
ize divergent group 2 HA influenza viruses have been described in
the literature (17, 20). We wanted to test if the stalk-based vacci-
nation regimen was capable of inducing such heterosubtypic an-
tibodies. To test protection against a heterosubtypic H7N1 virus
and exclude any involvement of head-directed antibodies in the
observed protection, we used the DNA-protein-protein vaccina-
tion regimen described above and replaced the cH7/3 HA protein
with full-length H3 HA (Fig. 4A). Both vaccinated and positive-
control animals challenged with the avian H7N1 A/rhea/North
Carolina/39482/93 strain (RheaH?7) experienced a similar initial
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weight loss of approximately 15% (Fig. 4B). This is probably due
to the high numbers of PFU/mouse lethal dose needed for this
experimental viral challenge. However, mice from both groups
regained the weight quickly, and we observed a 90% survival in the
vaccine group. Naive and prime-only animals, however, experi-
enced severe weight loss and showed no or low (20%) survival,
respectively. The results of the latter experiment demonstrate the
true heterosubtypic nature of the immunity afforded by an HA
stalk-directed response (Fig. 4C). To further evaluate the level of
broadly neutralizing antibodies present in the sera, we performed
ELISAs with purified H7N1 challenge virus as well as with recom-
binant H7 protein from the novel Chinese H7N9 virus strain (10).
The fact that we detected high antibody titers in sera collected
from these animals to the H7 HAs underlines the cross-reactive
nature of the response induced by the H3 stalk domain (Fig. 4D
and E, Fig. 5). In addition, we also performed a challenge experi-
ment with an HION7 virus with lung titers as the assay readout.
Day 3 lung titers for vaccinated animals were in the range of 10’
TCID5,/ml, whereas mock-vaccinated animals showed a 10- to
100-fold-higher titer (Fig. 4F). Efficient binding of sera from cHA-
vaccinated animals to cells expressing Eurasian and North Amer-
ican lineage H7 HAs, as well as H14 and H15 HAs, further proves
the cross-reactive nature of this immune response (Fig. 4G and 6).

DISCUSSION

Broadly neutralizing human anti-stalk antibodies provide a ratio-
nal basis for the design of universal influenza virus vaccines. Al-
though these antibodies can be found in humans who have been
exposed to influenza viruses via either vaccination or infection (3,
14, 15), they do seem to be rare in nature, and in vivo levels of these
antibodies are likely too low to afford protection. Vaccines able to
boost the levels of these broadly neutralizing stalk reactive anti-
bodies could lead to universal protection against circulating hu-
man influenza virus strains, as well as potential pandemic avian
viruses like the emerging Chinese H7N9 strain (10). Based on the
conservation of the stalk domain of the HA, it is likely that such a
universal vaccine has to include three components: a group 1, a
group 2, and an influenza B stalk-based antigen. We have recently
shown that chimeric HA constructs based on the stalk domain of
agroup 1 HA (H1) induce broad protection against group 1 HA-
expressing viruses, including a wide range of H1 strains and avian
H5N1 and H6NI1 viruses (24). However, the HA stalk-based
group 1 vaccine was unable to elicit protection from challenge
with a group 2 HA-expressing virus (Phil82) (24). Here, we dem-
onstrate that a similar approach can be successfully applied for
group 2 HA-expressing influenza viruses. Animals sequentially
vaccinated with chimeric HA constructs expressing an H3 stalk
domain and divergent globular heads developed high titers of
cross-reactive antibodies against the stalk domain. These antibod-
ies were not only protective against a panel of H3N2 strains and an
H3NB8 virus but also provided robust protection against a hetero-
subtypic challenge with avian H7N1 and H10N7 isolates, demon-
strating a breadth that spans both clades of the group 2 HA-ex-
pressing viruses. This breadth is important in light of growing
concerns about the pandemic potential of H3N2 variant (H3N2v)
viruses and H3N8 viruses isolated from New England harbor seals
and other zoonotic H3 strains (12, 34, 38), as well as H4-, H7-, and
H10-expressing viruses that infect humans occasionally (11, 39—
43). Importantly, this vaccination strategy also induced high titers
of stalk-reactive antibodies against the H7 HA from the emerging
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FIG 4 The breadth of the anti-H3 HA stalk antibodies elicited by the cHA vaccination strategy extends to other members of the group 2 HAs, including the most
recent Chinese H7N9 virus. (A) To ensure that anti-H7 globular-head domain antibodies are not involved in the effects observed in this series of experiments,
we modified the vaccination scheme presented in Fig. 1. Animals received the same prime (DNA coding for cH4/3 HA) and first boost (cH5/3 protein), but the
second boost was replaced with an H3 protein (cH4/3DNA-cH5/3-H3; green triangles, n = 10 animals). Positive-control animals received inactivated RheaH?7
virus vaccine (red circles, n = 5). Prime-only animals (orange triangles, n = 5 animals) received the DNA prime followed by two irrelevant protein boosts. Naive
animals (black squares, n = 5 animals) were used as additional controls. (B) Weight loss curve upon challenge with RheaH7 (H7N1) virus. (C) Kaplan-Meier
survival curve. The vaccine provided good protection against mortality (P = 0.0088, cH4/3DNA-cH5/3-cH7/3 versus controls cH4/3DNA-BSA-BSA). (D, E)
ELISA reactivity of sera from vaccinated animals (dark-green triangles, cH4/3DNA-cH5/3-cH7/3), control animals (orange triangles, cH4/3DNA-BSA-BSA), or
naive mice (black squares) to RheaH?7 virus (D) or the HA protein expressed by the recent Shanghail3 H7N9 (E) virus. (F) We infected mice that received the
vaccine (BcH7/3-cH5/3-cH4/3) and controls (Bwt-BSA-BSA) with 1 X 10° PFU of HION7 virus and measured a 20-fold decrease in viral TCID5, in the lungs of
vaccinated mice on day 3 postinfection. (G) Sera collected from vaccinated mice cH4/3DNA-cH5/3-H3 recognize a panel of group 2 HA proteins. MDCK cells
were transfected with plasmids encoding the respective HA and were fixed 16 h later with 0.5% paraformaldehyde. Reactivity was detected by immunofluores-
cence with sera from mice that received the vaccine. Serum collected from naive animals was used as a negative control. A mouse (FBE9 [unpublished, generated
in-house]) and a human (FI6) (21) monoclonal anti-stalk antibody were used as positive controls.

Chinese H7N9 virus (10). Recently, broadly reactive anti-head
antibodies have also been described in the literature (35-37), and
it is theoretically possible that such antibodies are induced by the
cHA vaccination regimen. However, we did not detect such anti-
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bodies in sera from cHA-immunized animals, suggesting that

these antibodies are not induced significantly by this vaccine.
Humans are exposed to influenza viruses multiple times

throughout their lifetime and therefore are likely to have preexist-
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FIG 5 The polyclonal responses elicited by the chimeric HA vaccination are directed against the stalk domain and neutralize virus infection both in vitro and in
vivo. (A) An ELISA against a group 1 HA protein (H1) demonstrates that the cross-reactive responses elicited by the cHA vaccine (dark-green triangles,
B/cH7/3-cH5/3-cH4/3) are not directed against conserved parts of the receptor binding site in the HA protein. (B) ELISA reactivity of nasal washes from animals
vaccinated with cHA constructs (dark-green triangles, B/cH7/3-cH5/3 protein-cH4/3 protein), prime-only animals (orange triangles, B/cH7/3-irrelevant pro-
tein-irrelevant protein), vector controls (light-green squares, Bwt-irrelevant protein-irrelevant protein), and naive animals (black squares). (C) Antibody
isotypes in sera from vaccinated (B/cH7/3 virus-cH5/3 protein-cH4/3 protein), naive, prime-only (B/cH7/3 virus-BSA-BSA), and vector control animals (Bwt
virus-BSA-BSA). (D) Vicl1 (H3) pseudotyped particle neutralization assay with sera from cHA-vaccinated animals (dark-green triangles, B/cH7/3-cH5/3-cH4/
3), vector controls (light-green squares, Bwt-irrelevant protein-irrelevant protein), and naive animals (black squares). The reciprocal serum dilution is shown on
the x axis. An H3 stalk-reactive monoclonal antibody (12D1) was used as positive control (red triangles), at a starting concentration of 123 pg/ml. (E) Passive
transfer challenge experiment (Phil82 H3N2 virus) with sera from animals that were vaccinated (dark-green triangles, BcH7/3-cH5/3-cH4/3, n = 5 animals),
vector controls (light-green squares, Bwt-BSA-BSA, n = 5 animals), naive animals (black squares, n = 5 animals), and positive-control animals (received
inactivated Phil82 virus vaccine, n = 5 animals). Kaplan-Meier survival curve is shown (P < 0.026 for BcH7/3-cH5/3-cH4/3 versus Bwt-BSA-BSA groups).

ing memory B cells with specificities in the stalk domain. We
wanted to mimic this situation in the mouse model and see if we
could efficiently boost preexisting titers of stalk-reactive antibod-
ies. Mice were preexposed to the H3 stalk domain by being suble-
thally infected with a recombinant influenza B virus expressing
the H3 stalk domain in combination with an irrelevant globular
head domain. Upon subsequent vaccination with cHA constructs
containing the same stalk domain but different heads, the levels of
stalk-reactive antibodies were efficiently boosted and protected
mice from challenge with a panel of H3N2 influenza virus strains
spanning from 1968 to 2009. Serum from vaccinated mice showed
good reactivity to a wide range of H3N2 virus substrates as well as
an H7N1 virus and an H7N9 HA protein substrate. Vaccinated
animals also showed reduced lung titers after infection with
H3N2v, H3NS8, and H10N7 infection. Furthermore, the serum
showed neutralizing activity and could protect mice in a passive
transfer challenge experiment. These findings shed light on the
mechanism of neutralization elicited by this vaccination strategy
and suggest that an antibody-mediated mechanism, likely based
on virus neutralization, is mediating protection. A contribution
by CD8" and CD4" T cells to protection cannot be ruled out at
this point, although transfer of serum alone was sufficient to pro-
tect from challenge. Enhanced pathogenicity induced by nonneu-
tralizing cross-reactive anti-influenza antibodies has been pro-
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posed as a possible reason for the high pathogenicity of the novel
Chinese H7N9 virus in the elderly (44). We did not observe any
enhanced pathogenicity in cHA-vaccinated animals that had high
titers of cross-neutralizing antibodies. In fact the animals were
protected from morbidity and mortality and the virus was cleared
faster.

The present experiments were designed as proof of principle to
show that protection against group 2 HA-expressing viruses can
be mediated by stalk-reactive antibodies alone. A human vaccine
strategy, however, would likely be based on either inactivated or
attenuated viruses that express cHA structures in combination
with a functional neuraminidase and all internal proteins of the
influenza virus. We believe that the replacement of the globular
head domain of H3 HA, to which humans have memory re-
sponses, by an “exotic” irrelevant head domain to which humans
are naive would, in addition to boosting stalk-reactive antibodies
(24, 30, 32, 45-47), enhance levels of antibodies directed against
the NA. Furthermore, the presence of internal proteins with
strong T-cell epitopes would ensure that also the cellular arm of
the immune response is activated and likely to contribute to pro-
tection. As mentioned above, such a vaccine would include a
group 1, group 2, and B stalk component to ensure broad protec-
tion against all circulating human influenza virus strains as well as
against potential pandemic subtypes. Since most humans, with
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FIG 6 Phylogeny of select members of group 2 influenza virus hemagglutinins depicting the breadth of the response elicited by the vaccine. The protein
sequences were downloaded from GenBank, and multiple alignments were performed using the ClustalW algorithm in Mega version 5.1. Phylogenetic trees were
constructed using the FigTree software and the neighbor-joining method. The scale bar represents a 5% amino acid change. Positively tested cross-protection/
cross-reactivity of cHA-vaccinated mice to the respective strains is indicated in parenthesis after the strain names (in blue: immunofluorescence [IF], challenge,

ELISA, and lung titer). Strain names without indication were not tested.

the exception of very young children, have a preexisting immunity
to influenza viruses, including low levels of antibodies to the stalk
domain of the HA, we would imagine that vaccination with a
trivalent chimeric HA vaccine could sufficiently boost these titers
to protective levels.
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